The many functions of the microtubule cytoskeleton are essential for shaping the development and maintaining the operation of the nervous system. With the recent discovery of congenital neurological disorders that result from mutations in genes that encode different α-and β-tubulin isotypes (TUBA1A, TUBB2B, TUBA8 and TUBB3), scientists have a novel paradigm to assess how select perturbations in microtubule function affect a range of cellular processes in humans. Moreover, important phenotypic distinctions found among the syndromes suggest that different tubulin isotypes can be utilized for distinct cellular functions during nervous system development. In the present review, we discuss: (i) the spectrum of congenital nervous system diseases that result from mutations in tubulin and MAPs (microtubule-associated proteins); (ii) the known or putative roles of these proteins during nervous system development; (iii) how the findings collectively support the 'multi-tubulin' hypothesis, which postulates that different tubulin isotypes may be required for specialized microtubule functions.
INTRODUCTION
Proper nervous system function is dependent upon a neuron's ability to receive, process and transmit information within anatomically defined circuits. To build circuits, post-mitotic neurons must first polarize and establish a future axon amongst multiple growing and retracting neurites, a process tightly coupled with cell migration in the cerebral cortex [1, 2] . After neurons have finished migrating, axons continue to grow and navigate considerable distances to find appropriate post-synaptic targets by responding to specific growth and guidance cues in the extracellular matrix; these cues safeguard against numerous incorrect connections that present themselves along the way. Once neural circuits are established, connectivity between axons and their post-synaptic targets must be continually maintained. Failure to do so can result in axon degeneration and the loss of sensory, motor and cognitive functions.
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Tight regulation of the dynamic behaviour and function of the microtubule cytoskeleton is essential for the development and survival of neurons. Microtubules are assembled from tubulin heterodimers, which contain different α-(TUBA) and β-tubulin (TUBB) isotypes each encoded by distinct genes [3] . Microtubules are polarized and, in neurons, their 'minus-ends' are usually oriented towards the centrosome in the cell body, whereas their 'plus-ends' project towards the tips of axons [4] . Microtubule polarity serves important functions in both differentiating and adult neurons. First, the frequent transition between periods of growth and shortening at the dynamic plus-ends permits differentiating neurons to extend or retract growing axons in response to guidance cues in order to maintain directional growth towards post-synaptic targets [5] [6] [7] (Figure 1) . Second, kinesin and dynein motors transport protein vesicles and organelles towards the plus-and minus-ends of microtubules respectively and are also necessary for the regulation of microtubule dynamics. Their activities are essential for cell migration, axon development
Figure 1 Dynamic microtubules regulate growth-cone turning and axon guidance
Illustration depicting an axon growth cone turning towards the direction of a positive guidance cue. Growth cones can be roughly divided into four zones: the wrist (W), which is found at the distal end of the axon shaft; the central (C) domain; the transition zone (T); the peripheral (P) domain consisting of F-actin rich lamellipodia and finger-like projections (filopodia) that are composed of F-actin bundles. Microtubules are tightly bundled in the axon shaft and at the W due to the stabilizing effects of MAPs, and their plus-ends are directed towards the P-domain. In the growth cone C-domain, dynamic populations of growing and shortening microtubules splay apart from bundles in the W-domain, and can sometimes interact with actin in the T-and P-domains. Their forward movement into the T-and P-domains is regulated by retrograde actin flow, and some evidence also suggests myosin-regulated contractions of actin arcs found at the edges of the C-domain. Upon encountering a positive guidance cue, guidance receptors (yellow stars in middle panel) in the filopodia plasma membrane transduce signals to the cytoskeleton. This causes dynamic growing microtubules to become stabilized alongside polymerizing F-actin in filopodia due to the actions of plus-end tracking proteins (+TIPS, green circles in middle panel). These proteins track along the plus-end tips of actin and microtubules co-ordinating their growth, permitting the growth cone to advance in the direction of the correct post-synaptic target. As growth cones turn towards a positive cue, microtubules rapidly advance into the former P-domain bringing with them essential organelles and protein vesicles. Rapidly invading microtubules are once again tightly bundled by MAPs forming a new W-domain and C-domain, and consolidating the growth of the axon. Conversely, on the side of the growth cone facing the negative guidance cue, actin depolymerizes and retrograde flow prevents the advance of growing microtubules. This leads to growth-cone retraction and causes an axon to steer away from inappropriate post-synaptic targets.
and guidance, and are also required for the function and viability of adult neurons [8] [9] [10] [11] . Recently, several congenital human neurological syndromes have been characterized that result from heterozygous missense mutations in genes encoding α-and β-tubulin isotypes [12] [13] [14] [15] . These syndromes emphasize the important functions of microtubules during nervous system development, as well as their role in the health and maintenance of neuronal circuits. Moreover, important phenotypic distinctions between each syndrome reveal that different α-and β-tubulin isotypes shape the development of the nervous system in distinct fashions, suggesting they are each necessary for specialized microtubule functions. Future studies that examine the role of each isotype in specific aspects of neuronal development will greatly impact on our overall understanding of microtubule function and behaviour, and may provide avenues for future therapeutic intervention.
MUTATIONS IN TUBULIN AND ASSOCIATED PROTEINS CAN CAUSE CORTICAL CELL MIGRATION DISORDERS
The cortex is a six-layered structure comprised of neurons that originate in the proliferative zones of the dorsal telencephalon and the medial and lateral ganglionic eminences [16] . Cortical neurons travel considerable distances from their sites of origin in the ventricular zone to their final anatomical destinations, and can use distinct modes of migration that may depend on cell type and birthdate. Cortical layering proceeds in an inside-out fashion, such that early-born neurons comprise deeper layers, whereas later-born neurons migrate past these cells to form more superficial layers. Radial glial cells play an important role in cortical The SP disappears postnatally and is used mainly as an organizing zone for developing cortical axons. Newborn neurons are generated from radial glia, which divide both asymmetrically and symmetrically to generate post-mitotic daughter neurons in the VZ and SVZ. Post-mitotic neurons then commence migration towards the CP through a complex series of movements and morphological changes. Projection neurons (excitatory) born in the dorsal VZ adopt a bipolar morphology and migrate radially along glia before pausing in the SVZ. There, these cells acquire a multi-polar (mp) morphology and frequently grow and retract processes. Next, most of these immature neurons in the SVZ grow a leading process that contacts the dorsal ventricle prior to moving towards the VZ, and this is also observed with neurons born in the SVZ. Finally, neurons migrate out of the VZ/SVZ by reversing polarity and extending a leading process towards the pial surface along radial glial fibres (for locomotion, refer to B). The process that once contacted the ventricular surface becomes the retracting neurite during migration and is also the future axon. Migrating neurons are found in the space between the SVZ and SP called the IZ. As cells finish migrating along radial glia, they detach and extend a process towards the pial surface. The cell body then moves forward along the leading process in a mode of migration called soma translocation (st). Early born neurons that comprise the PP are thought to use this mode of migration exclusively. Inhibitory interneurons (Int. neuron) are born in the ventral medial and lateral ganglionic eminences and migrate tangentially along the planes of the ventricles into the cortex. Some tangentially migrating neurons move dorsally towards the VZ/SVZ, where they are observed to contact post-mitotic projection neurons before co-migrating radially towards the pial surface. (B) Illustration depicting cell locomotion along radial glia. The plus-ends of microtubules (MT), which are nucleated at the centrosome, are found at the distal end of the leading process, and a cage-like network of microtubules also surrounds the nucleus in the soma. LIS1 and dynein are mainly found proximal to the centrosome (and at lower levels in the leading process) and along the cage structure that surrounds the nucleus, whereas DCX is also found along microtubules in the leading process. Migrating cells adopt a bipolar morphology with a leading process directed towards the pial surface, and a retracting edge that faces the ventricle. Migration is a step-wise event in which the centrosome is initially positioned in front of the nucleus (1) before moving forward into the leading process (2). The nucleus is then guided forward by the centrosome into the leading process (3), followed by retraction of the rear process (4). This cycle is repeated as the leading process once again extends along the radial glial fibres. Studies suggest that the growing plus-ends of microtubules become stabilized in the leading process, exerting a pulling force on the centrosome. LIS1 is necessary for proper positioning of the centrosome within the leading neurite and regulates dynein localization, which in turn generates force on the microtubules through its minus-end-directed motor activity, pulling the nucleus towards the centrosome. DCX may play a complementary role in this process by stabilizing the cage-like structure of microtubules surrounding the nucleus, allowing the nucleus to translocate co-operatively with the centrosome as dynein pulls on microtubules.
development because they divide in the ventricular zone to generate daughter neurons and also because they extend long processes from the ventricular zone of the dorsal telencephalon to the pial surface ( Figure 2A ) [17] [18] [19] . Most neurons that will comprise cortical layers II-VI migrate along these processes in order to reach their final destinations using a mode of migration called locomotion ( Figure 2B ). In contrast, early-born neurons that comprise the transient cortical preplate use soma translocation, whereby, similar to radial glia, they extend a process from the ventricular zone to the pial surface. The soma migrates along the leading process which becomes progressively shorter while remaining anchored to the pial surface, effectively 'pulling' the cell body to its final position as the trailing process retracts [20] . Inhibitory interneurons are born in the medial and lateral ganglionic eminences and use tangential migration to travel to the neocortex, hippocampus and olfactory bulb [21, 22] (Figure 2A ). Subpopulations of these tangentially migrating cells move dorsally towards the ventricles before co-migrating radially into the cortex with newborn projection neurons [23] . This may be a possible mechanism to organize excitatory projection neurons and inhibitory interneurons into defined cortical circuits. Neuronal migration along radial glial fibres is a step-wise process that relies on the co-ordinated activities of the microtubule cytoskeleton and its associated proteins [11, 24] . Post-mitotic neurons first acquire polarity and grow a leading neurite, a process that depends on spatial regulation of microtubule dynamics at the leading edge of the cell surface facing the pial basement membrane [1, 25, 26] . The centrosome, or microtubule-organizing centre, moves away from the soma into the leading neurite and directs nucleokinesis by 'pulling' on a microtubule cage-like structure that surrounds the trailing nucleus. MAPs (microtubuleassociated proteins) and dynein stabilize the cage structure and regulate the pulling force between the centrosome and nucleus [27] [28] [29] [30] . Once the nucleus has moved into the leading neurite, the cell body can move forward as the trailing process retracts ( Figure 2B ). Similar types of migratory behaviour have been observed in tangentially migrating interneurons, although the leading neurite undergoes frequent branching events while searching for possible guidance cues [31] . Other types of migratory behaviours have been observed in cerebellar granule neurons that suggest the nucleus and centrosome may move independently from one another in these cell types [32] .
Lissencephaly, or 'smooth brain', encompasses a diffuse spectrum of congenital brain malformations that occur when postmitotic neurons in the ventricular zones fail to migrate to their respective layers in the cortex [33] [34] [35] . As a result, the characteristic folds (gyri) and grooves (sulci) on the surface of the cerebral cortex do not develop properly. Lissencephaly can be broadly classified into two types according to the brain malformation. Type I or 'classical" lissencephaly can range from complete absence of gyri (agyria) and sulci, giving the brain a smooth appearance, to a brain that has only simple abnormally thick convolutions (pachygyria) [36] . In these patients, the normal six-layer cortex has been condensed to four layers and the ventricles are enlarged. Subcortical bands of neurons that have prematurely arrested their migration are often present. Type II lissencephaly is characterized by the presence of numerous small gyri that are separated by shallow sulci (polymicrogyria), giving the brain a 'cobblestone'-like appearance [33] . Cortical lamination is severely disorganized and often absent, and can be accompanied by breaches in the pial basement membrane (brain surface) where neurons have ectopically settled in the overlying meningeal space [37] . Type II lissencephaly is less common than type I and is thought to result from defects during the second wave of migration, thereby affecting cells that comprise the outer layers of the cortex. As discussed below, several gene mutations in tubulin and MAPs are associated with these types of brain malformations.
MAPs, TUBULIN AND TYPE I LISSENCEPHALY
Heterozygous inactivating mutations in LIS1 (lissencephaly-1) or DCX (doublecortin), genes both encoding for MAPs, account for most cases of type I lissencephaly [38, 39] . LIS1 localizes to the perinuclear cage, centrosome and plus-ends of microtubules in the leading neurite, and controls nucleokinesis during radial migration via the interaction with and regulation of dynein motor function and localization [27, 40, 41] . Inactivating or hypomorphic alleles of LIS1 hinder cell migration due to the uncoupling of the nucleus and centrosome [27] , and the formation of the leading process is also affected [42] . Similarly, DCX also localizes to the perinuclear cage and the plus-ends of microtubules in the leading neurite, and is necessary for the coupling of the nucleus and centrosome during nucleokinesis [27, 43] . Some evidence suggests DCX can form a complex with LIS1 and dynein in vivo, and DCX overexpression restores nucleus-centrosome coupling defects in LIS1-deficient neurons [27, 44] . The mechanism for the latter observation is unclear, but DCX promotes the growth and bundling of microtubules, and this could stabilize the microtubules of the perinuclear cage that are coupled with the centrosome [30, 39, 44] . Thus DCX may regulate nucleokinesis via the regulation of microtubule dynamics and normal LIS1-dynein localization and function. Some observations also suggest DCX might regulate neuronal polarity in the ventricular zones prior to migration [45] . Although LIS1 and DCX seem to have overlapping functions during neuronal migration, there are also probably some differences as LIS1 mutations usually result in more posterior gyral abnormalities, whereas DCX mutations predominantely affect gyral patterning in the anterior cortex and are more commonly associated with cerebellar vermian hypoplasia [46] .
Heterozygous missense mutations in TUBA1A, coding for an α-tubulin isotype that is highly expressed in post-mitotic differentiating neurons [47] , cause a spectrum of cortical malformations that can resemble those resulting from LIS1 or DCX mutations [13, 48, 49] Affected individuals are microcephalic and have cortical malformations that range from agyria and posterior pachygyria in severe cases to perisylvian predominant pachygyria in the more common and less severe forms [48, 50] . Findings from brain autopsies of affected fetuses reveal abnormal cortical layering, hypoplastic and disorganized hippocampi, and clumps of poorly differentiated neurons interspersed with white matter [51] . The TUBA1A phenotype is somewhat distinct from LIS1 and DCX, however, because patients have additional brain malformations that are less commonly associated with LIS1 and DCX mutations, including cerebellar and brainstem hypoplasia,
corpus callosum dysgenesis and hypoplasia of the anterior limb of the internal capsule. This latter finding is one defining feature of TUBA1A mutations and is associated with dysmorphic basal ganglia lacking clear separation between the caudate and putamen. Hypoplastic and disorganized white matter tracts suggest further errors in axon growth and guidance beyond cell migration. Overall, patients usually have severe neurological impairment, including mental retardation, spastic diplegia or tetraplegia, facial paralysis and epilepsy.
TUBULIN AND TYPE II LISSENCEPHALY
Heterozygous missense mutations in TUBB2B, a β-tubulin isotype also highly expressed in post-mitotic differentiating neurons, cause a spectrum of cortical malformations that differ from TUBA1A and more closely resemble type II lissencephaly [15] . Affected individuals have microcephaly and bilateral, asymmetrical and predominant anterior polymicrogyria. Neurohistopathological analysis of an affected fetal brain revealed disorganized cortical layering, heterotopic neurons in the white matter, and breaches in the pial basement membrane surface where ectopic clusters of neurons had migrated into the overlying leptomeningeal space. Radial glial cells were also disorganized and had failed to properly attach to the pial basement membrane. Similar to TUBA1A mutations, these malformations are often accompanied by brainstem and cerebellar hypoplasia, corpus callosum dysgenesis and dysmorphic basal ganglia with hypoplasia of the anterior limb of the internal capsule. Neurological impairments are also similar to those of individuals with TUBA1A mutations.
Polymicrogyria can also result from homozygous splice-site mutations in the α-tubulin isotype TUBA8 [14] . Similar to TUBB2B, individuals with TUBA8 mutations also have agenesis or hypoplasia of the corpus callosum and dysgenic brainstems that lack a demarcated pontomedullary junction, and can have severe developmental delays and seizures. Unlike TUBB2B, however, these patients have diffuse bilateral polymicrogyria in both anterior and posterior regions of the brain and have hypoplastic optic nerves. Also, basal ganglia and internal capsule malformations, a hallmark of TUBB2B and TUBA1A mutations, have not been reported.
CORTICAL CELL MIGRATION DISORDERS CAN RESULT FROM INACTIVATING MUTATIONS IN α-AND β-TUBULIN
Missense and splice-site mutations in TUBA1A, TUBB2B and TUBA8 are predicted to diminish the formation of tubulin heterodimers and impair microtubule polymerization. In order to generate tubulin heterodimers that are capable of polymerizing, nascent α-and β-tubulin peptides must first interact with a series of molecular chaperone proteins that are required for the folding and dimerization of the α-and β-tubulin monomers [52, 53] . Several mutations in both TUBA1A and TUBB2B resulting in lissencephaly can impair their interactions with chaperone proteins in vitro, resulting in the loss of TUBA1A and TUBB2B heterodimers [15, 54] . Moreover, reducing TUBB2B expression to ∼60 % of normal levels in the developing mouse brain by RNAi (RNA interference) in utero electroporation arrests the migration of neurons in a manner reminiscent of the human disorder [15] . Recessive splice-site mutations in TUBA8 were discovered to replace the full-length coding transcript with a shorter copy that lacked exon 2 [14] ; removing the coding sequence for this exon would most likely also alter TUBA8 folding and heterodimer formation.
Although missense mutations in TUBA1A and TUBB2B appear to primarily cause tubulin haplo-insufficiency, other evidence suggests that some mutations might have a dominant-negative effect on microtubule behaviour. For example, despite the fact that TUBA1A mutations compromise folding and reduce overall protein levels, some mutant monomers still fold and form heterodimers that are capable of microtubule polymerization in mammalian cells [54] . This suggests that the resulting brain phenotypes may reflect the combined effects of tubulin loss and mutant heterodimer polymerization. Furthermore, some mutations in TUBB2B do not affect chaperone protein interactions and heterodimer formation, and, instead, have been hypothesized to alter the function or behaviour of microtubules by perturbing interactions with MAPs [15] . Thus more studies are needed to determine if dominant effects of the mutations could influence the nature or variability of the brain malformations.
MUTATIONS IN TUBB3 CAN CAUSE DISORDERS OF AXON GUIDANCE AND MAINTENANCE WITHOUT AFFECTING CORTICAL CELL MIGRATION
Although mutations in different α-and β-tubulin isotypes can perturb the migration of cortical neurons, recent findings show this is not always the case. Remarkably, patients with heterozygous missense mutations in TUBB3, coding for the neuronal specific β-tubulin isotype III [55, 56] , do not show radiological signs of cell migration defects. Instead, clinical and radiological findings point to a primary defect in the growth and/or guidance of axons in the brain and spinal cord [12] . The spectrum of nervous system malformations, called the TUBB3 syndromes, encompass eye movement restrictions, facial paralysis, spasticity, cognitive and behavioural impairments, and a later-onset progressive peripheral sensorimotor axonal polyneuropathy. Seizures are rarely reported and overall neurological impairment is typically less severe than that associated with TUBA1A, TUBB2B or TUBA8 mutations. Most patients have aberrant eye movements. In addition, several have synkinetic ptotic eyelid elevation and jaw movements (Marcus Gunn phenomenon), clinical manifestations of aberrant innervation of cranial musculature by the trigeminal nerve. Radiological findings reveal hypoplastic oculomotor nerves, dysmorphic basal ganglia with or without internal capsule hypoplasia, and agenesis or hypoplasia of the corpus callosum and anterior commissure ( Figure 3) . As discussed below, the extent of nervous system malformations and neurological . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . impairments can depend on how each amino-acid substitution alters the function of TUBB3.
To further understand the nature of the nervous system malformations in humans, a mouse model with the most common amino-acid substitution (R262C) was analysed [12] . Heterozygous KI (knock-in) mice were viable and did not display external eye phenotypes, and brain development appeared normal with the exception of mild hypoplasia of the anterior commissure. Homozygous KI mice, however, died within hours of birth and displayed many phenotypes reminiscent of the human disease. The oculomotor and trigeminal nerves did not branch properly, and the oculomotor nerve often grew towards the wrong set of extraocular muscles. The anterior commissure was hypoplastic and often failed to cross the midline of the brain. Also the corpus callosum was usually thin or absent, and, when absent, bundles of callosal axons (Probst bundles) that had failed to cross the midline lined the lateral ventricles. Overall, brain size was similar to wild-type and the architecture and layering in the cortex appeared normal. Thus, in contrast with TUBA1A, TUBB2B or TUBA8 mutations, the underlying defects in the TUBB3 syndromes pertain to the growth, branching and guidance of axons.
THE TUBB3 SYNDROMES RESULT FROM DOMINANT MUTATIONS THAT ALTER MICROTUBULE FUNCTION AND BEHAVIOUR
Similar to TUBA1A and TUBB2B mutations, missense mutations in TUBB3 also reduce the formation of mutant heterodimers in vitro. However, phenotype-genotype correlations present in the TUBB3 syndromes also suggest that mutations could alter microtubule function and behaviour in a dominant fashion. For example, patients with the R62Q or R262C amino-acid substitutions mainly have only isolated ocular motility restrictions. These mutations severely diminish heterodimer formation in vitro and, when expressed in mammalian cells, low levels of incorporation are observed throughout microtubules. In contrast, patients with R262H, E410K or D417H substitutions can have additional neurological symptoms, including facial paralysis and degeneration of peripheral motor and sensory axons. Interestingly, these mutations result in less severe reductions of heterodimer yield compared with the R62Q or R262C substitutions, and mutant heterodimers cycle with native tubulin and incorporate into microtubules in mammalian cells at levels similar to wild-type. Moreover, the R262C and R262H substitutions cause a mild and significantly more severe form of the TUBB3 syndromes respectively. Thus the segregation of more severe neurological impairments and/or brain malformations with specific aminoacid substitutions may be due in part to higher incorporation levels of mutant heterodimers into microtubules [12] .
Using budding yeast to model the dominant effects of TUBB3 mutations, it was discovered that all amino-acid substitutions stabilized microtubules by rendering them resistant to pharmacological induced depolymerization. Furthermore, the dynamic behaviour and function of microtubules were altered in two distinct fashions. The first subset of mutations significantly attenuated the rate of microtubule growth and shortening, resulting in nondynamic microtubules that were stuck in prolonged paused states, whereas a second subset reduced microtubule interactions with kinesin motor proteins. The second group of mutations (R262H, E410K and D417H/N) also result in facial paralysis and the progressive degeneration of peripheral motor and sensory axons. Thus, in addition to the overall levels of heterodimer incorporation, phenotypic variability in the TUBB3 syndromes can depend on how each amino-acid substitution alters specific microtubule functions [12] . These findings might have important implications for understanding why variable phenotypic and functional correlations exist between some TUBB2B mutations.
WHY DO MUTATIONS IN DIFFERENT TUBULIN ISOTYPES CAUSE DISTINCT TYPES OF BRAIN MALFORMATIONS?
Microtubules in mammalian cells are assembled from a heterogenous mixture of all available tubulin isotypes [3] . TUBA1A, TUBA8, TUBB2B and TUBB3 all share similar expression patterns and are the major α-and β-tubulin isotypes expressed in the developing brain and nervous system [12, 15, 47, 57] . Considering that microtubules in post-mitotic neurons should contain a mixture of these proteins, differences in the severity and types of brain malformations associated with each tubulin isotype are somewhat surprising. There are several possible explanations that may explain some of the noted phenotypic differences. First, simple loss-of-function versus altered function might explain why TUBA1A, TUBB2B and TUBA8 mutations result in cortical cell migration defects, whereas TUBB3 mutations primarily affect axon growth and/or guidance. This explanation seems unlikely, however, since TUBB3 mutations that significantly compromise heterodimer formation do not cause lissencephaly or polymicrogyria, and some TUBB2B mutations do not affect the formation of heterodimers. Second, although the spatial and temporal expression patterns are similar for each isotype, there are some distinctions. For example, TUBB2B is expressed in radial glia and at high levels in cortical plate neurons during migration in the cortex, whereas TUBB3 expression is absent in radial glial cells and somewhat lower in the cortical plate versus other neurons [15, 58] . Third, the levels of microtubule incorporation could vary for each isotype during different modes of migration (i.e. locomotion versus soma translocation) or stages of development (i.e. polarization and migration versus axon guidance). This is particularly notable for TUBB3, because it is up-regulated in microtubules as axons and dendrites continue to grow and mature [59, 60] . Microtubules in migrating neurons might contain lower amounts of TUBB3 versus other β-tubulin Residues mutated in the TUBB2B and TUBB3 syndromes are denoted by green and red boxes respectively. Note that all mutated residues are conserved among the seven different isotypes, and TUBB2B and TUBB3 share 90 % protein sequence identity.
isotypes, explaining why it may be dispensable for cell positioning and cortical layering. Thus, as discussed below, each isotype may be required for specialized microtubule functions during different cellular events, which could explain fine phenotypic differences between each neurological syndrome.
THE 'MULTI-TUBULIN' HYPOTHESIS
It has been postulated that neurons might utilize different tubulin isotypes for distinct cellular functions in both the embryo and adult [61] [62] [63] . Prior to the identification and sequencing of tubulin genes, it was known that the structure of microtubules could vary during phases of cell division, in different intracellular compartments and between cell types. This led to the multi-tubulin hypothesis which generally stated that different tubulin isotypes may be used to build specific microtubule structures that are necessary to support a diverse range of cellular functions [64] . Support for this hypothesis was bolstered upon the discovery that multiple genes encoded different α-and β-tubulin isotypes in animals and other eukaryotes, and many of these displayed tissuespecific expression patterns [65] [66] [67] . Moreover, within humans, the protein sequences of different β-tubulins diverge mainly in two regions, the N-terminus and the extreme C-terminus tail, and these two regions are highly conserved within the same isotype found in other species [56] (Figures 4 and 5) . This conservation of isotype-specific sequences suggested that different tubulins may have retained important biochemical properties that are necessary to support the functions of different microtubule structures. However, other observations suggested that different tubulin isotypes could be functionally redundant; for example, it was found that microtubules in cultured mammalian cells were assembled from pools of all available isotypes, and that different α-and β-tubulin isotypes in fungi were functionally interchangeable [3, 68] . The first definitive evidence that tubulin isotypes could have divergent functions came from genetic studies in Drosophila [69] . Drosophila has three β-tubulin isotypes (β1, β2 and β3) and only β2 is expressed in post-mitotic cells in the male germline. β2 is required for the formation of meiotic spindles, cytoplasmic microtubules and the axoneme of the sperm tail flagella. When β3 was ectopically expressed in male germline cells in a β2-null background, assembly of the meiotic spindle and axoneme was deficient. Co-expression of β2 rescued the phenotype, but only when the levels of β3 were below a certain threshold. A followup study then showed that, although the C-terminal tail of β2 was dispensable for microtubule assembly in the axoneme, it was specifically required for the organization of the 9 + 2 microtubule array that is characteristic of the axoneme [70] . Because the protein sequences of tubulins diverge mainly at the N-terminus and in the tail region found at the extreme C-terminus of the protein [56] , these results demonstrated that the C-terminal tail could mediate isotype-specific functions, thus supporting the multi-tubulin hypothesis.
In neurons, the C-terminal tail of β-tubulin is required for numerous microtubule-MAP interactions, and these interactions regulate the dynamic behaviour of microtubules and are necessary for neuron migration, differentiation and axon guidance [71] . The C-terminal tail undergoes several types of post-translational modifications, some of which are unique to specific tubulin isotypes, and these modifications can also regulate specific MAP and motor protein interactions [72, 73] . Interestingly, in the presence of MAPs, microtubules assembled in vitro from purified pools of specific brain β-tubulins have different rates of assembly than when assembled from a heterogenous mixture of different brain β-tubulin isotypes [74] . Thus, upon binding MAPs, the divergent C-terminal tail of β-tubulin might confer unique structural or biochemical properties upon microtubules, thereby
Figure 5 TUBB3 is highly conserved in vertebrates
The amino-acid sequence of TUBB3, including the N-and C-termini, is highly conserved among mammals and chicken, similar to other β-tubulin isotypes. In contrast with TUBB2B and TUBB4, both of which are also expressed in the mammalian brain, TUBB3 is not present in Xenopus; however, it has been reported in catfish, goosefish, the dogfish shark and the Antarctic fish Chaenocephalus [61] .
regulating their function or behaviour in a spatio-temporal fashion during development. Post-translational modifications of α-tubulin that occur outside of the tail region, such as α-tubulin acetylation and tyrosination, can also regulate MAPand kinesin-microtubule interactions [75, 76] . Inactivating mutations in the enzymes that catalyse these modifications affect cortical cell migration and axon outgrowth [77, 78] . Interestingly, TUBA8 is an atypical α-tubulin because it is neither acetylated or tyrosinated [14] , and the absence of these post-translational modifications could allow TUBA8 to regulate MAP interactions and microtubule dynamics in a manner distinct from other α-tubulin isotypes.
Tubulin isotypes themselves, in the absence of MAPs, also show intrinsic differences in the rates of microtubule assembly and the frequency of growth and shortening events, suggesting that cells can regulate microtubule dynamics by controlling the relative amounts of different tubulin isotypes [79] . In the absence of MAPs, isotypically homogenous microtubules polymerized in vitro from αβ3 (TUBB3) heterodimers are considerably more dynamic and spent less time in paused states than those comprising αβ2 (TUBB2), αβ4 (TUBB4) or a mixture of all three isotypes. Also, the mean growing and shortening rates of microtubules comprised solely from αβ3 heterodimers is nearly double that of microtubules polymerized from αβ2 or αβ4. By stark contrast, microtubules that contain equal amounts of αβ3 and αβ2 heterodimers are much less dynamic, and the frequency of growth and shortening events is similar to microtubules containing all three heterodimers. Interestingly, DCX has been shown to promote microtubule stability [39, 44] , and similarly, perhaps, TUBB2B may also be required to dampen microtubule dynamics and promote stability during neuronal polarization or migration. Conversely, axon guidance requires highly dynamic populations of microtubules in growth cones in order to mediate responses to extracellular guidance cues [80, 81] ; drugs that dampen microtubule dynamics in cultured neurons perturb the directional growth and guidance of axons [6, [82] [83] [84] . Because TUBB3 is increasingly incorporated into the microtubule cytoskeleton as axons grow and elongate in culture [59] , TUBB3 may endow microtubules with the dynamic properties needed for rapid responses to extracellular guidance cues. Mutations in TUBB3 that stabilize microtubules and reduce dynamic instability, either by reducing protein levels or altering its biochemical properties, thus might be expected to predominately affect axon growth or guidance, rather than cell migration.
CONCLUDING REMARKS
It has been nearly 35 years since the multi-tubulin hypothesis was first proposed by Fulton and Simpson [64] , and now, more than ever, the discoveries of the tubulin-related syndromes should allow further scientific breakthroughs on this subject matter. Because microtubules are absolutely essential for such a diverse range of cellular functions, it is imperative that scientists
understand how different tubulin isotypes regulate their specialized functions for drug research and design. This is also relevant for cancer, because several types of malignant tumours are associated with the dysregulation of tubulin isotypes, especially TUBB3 [85] . Thus, by linking distinct cellular processes with the unique properties of different tubulin isotypes, we can begin to dissect the specialized functions of microtubules in both normal health and disease with the hopes of streamlining future therapeutic intervention strategies.
